Short-term pre-harvest red light treatment was evaluated as a tool to reduce nitrate (NO 3 ) contents in leafy vegetables, cultivated under low-light conditions in a greenhouse. Corn salad (Valerianella locusta L., 'Vit'), amaranth (Amaranthus chlorostachys Willd., 'Red Army') and tatsoi (Brassica rapa var. rosularis L., 'Rozetto F1') were cultivated under low-light conditions and 1-7 days before harvest were treated with 638 nm red light emitting diode light. The effects of light treatment on NO 3 and nitrite (NO 2 ) contents, reducing enzyme activities and plant photosynthetic performance of different leafy vegetable species were explored seeking for comprehensive approach for the control of NO 3 metabolism. Nitrate, nitrite, total protein contents and reducing enzyme activity depend on plant species, lighting treatment duration and their interaction. A remarkable decrease in nitrates and an increase in NO 3 reductase activity were observed 3 days after red light treatment. It followed by a significant increase in NO 2 and protein contents in corn salad and amaranth. A medium correlation between photosynthetic rate and NO 3 contents was determined for tatsoi and corn salad. A negative statistically insignificant correlation between these indicators was established for amaranth. Short-term pre-harvest red light treatment can be applied as a technological tool to reduce NO 3 contents in green vegetables, cultivated under low-light conditions. The obtained results confirm the significant relationship between plant photosynthetic rate and nitrate metabolism, as well as indicate the sensitive, but differential physiological response of different vegetable species to the applied lighting.
Introduction
Nitrate (NO 3 ) is classed by food safety authorities as a contaminant in fresh vegetables. NO 3 itself is fairly non-toxic for humans; however, its toxic metabolites, such as nitrite (NO 2 ) and N-nitroso compounds, might have deleterious effects on health (Weightman, Hudson, 2013) . Therefore, European Food Safety Authority (EFSA, 2008) suggested that acceptable daily consumption of NO 3 ions should not exceed 0.007 mg kg -1 of body weight per day. The European Commission (Commission regulation (EU) No. 1258/2011) has set maximum limits for NO 3 concentrations in green vegetables, which tend to accumulate high levels of NO 3 . Brian and Ivy (2015) noticed that typical consumption patterns of fruits and vegetables exceeded regulatory limits for dietary nitrate and this fact calls into question the rationale behind current nitrate and nitrite regulation. The nitrate problematics is important, as current diet is rich in a wide variety of leafy vegetables species; however, the modern horticultural technologies allow controlling the nutritional value of green vegetables. Therefore, the questions of nitrate contents in green vegetables revive in "plant factories", where plants are cultivated under fully controlled environmental conditions and in greenhouses in northern regions, where green vegetables are seasonally cultivated under low natural lighting conditions.
Since long ago, nitrogen fertilization and light intensity have been identified as the major factors that influence NO 3 content in vegetables (Santamaria, 2006) . Light emitting diodes (LEDs) have provided new possibilities for horticulture and research. As a result, the effects of lighting spectra on various aspects of plant metabolism, as well as on NO 3 contents were analysed (Olle, Viršile, 2013; Bian et al., 2015) . Red light was identified as having the highest capacity for stimulating the activity of NO 3 reductase, which means that red light can effectively reduce NO 3 contents in plants (Lillo, 2008; Bian et al., 2015) . Other authors have reported that blue light is also beneficial for lowering NO 3 contents in lettuces, as the composition of red and blue light is more favourable for plant growth and photosynthesis Nitrate problematics also has the economic nuances, as investments in artificial lighting highly increase the costs of production. Therefore, various shortterm plant treatment strategies have been developed, seeking to reduce NO 3 contents in plant tissues. The removal, reduction or replacement of inorganic nitrogen by other ions in nutrient solution (Croitoru et al., 2015) were combined with artificial lighting , or NO 3 nutrition was applied depending on the level of lighting (Demšar et al., 2004 Photosynthetic rate (µmol CO 2 m -2 s -1 ) was measured using the LI-6400XT (LI-COR, USA) photosynthesis system on the first fully matured leaf. The instrument was set for 400 µmol s -1 airflow, 25°C cell temperature, 400 µmol CO 2 mol -1 , 60% relative humidity in the cell and light intensity of 200 µmol m -2 s -1 . Chlorophyll and flavonol indexes were measured in the first fully matured leaf using Dualex meter (Dynamax, USA), 10 plants per treatment.
For biochemical analysis, the leaves from each light treatment were combined in single conjugated biological sample and three analytical replications were performed for each measurement. Total protein contents and NO 3 reductase activity were determined in fresh plant matter. For NO 3 analysis, plant material was dried at 70°C for 48 h. All data are expressed on a fresh weight (FW) basis.
Nitrate (NO 3 ) and nitrite (NO 2 ) contents were determined by spectrophotometric method. Samples were prepared by hot water (70°C, 1:100 w:w) extraction from dry plant material in ultrasonic bath for 30 min. Initial NO 2 concentration and total NO 2 after zinc reduction were determined by diazotization-coupling Griess reaction (Merino, 2009 ) at 540 nm. NO 3 and NO 2 contents (mg kg -1 ) were determined according to the calibration curve and expressed on the FW basis.
Total protein contents were determined according to Bradford (1976) method. The fresh material was ground with liquid nitrogen and extracted with 50 mM phosphate buffer solution with 1 mM ethylenediaminetetraacetic acid (EDTA), 10 mM 2-merkaptoethanol, 100 μM phenylmethylsulfonyl fluoride (PMSF). Homogenate was centrifuged for 10 min 4000 rpm min -1 and used for total protein content and enzyme activity determination. The sample was mixed with diluted Bradford reagent and absorbance at 595 nm was measured. Total protein contents (mg g -1 in FW) were determined according to the bovine serum albumin (BSA) calibration curve.
Nitrate reductase (NR) activity was determined by mixing 0.1 ml of protein extract with assay mix, containing 25 mM phosphate buffer (pH 7.3), 10 mM potassium nitrate (KNO 3 ) and 0.5 mM EDTA, and adding 2.0 mM β-nicotinamide adenine dinucleotide (β-NADH), total volume of 2 ml. After incubation at 30°C for 5 min, reaction was stopped with 1 ml of 1% sulfanilamide in 3N HCl and 1 ml of 0.02% N-(1-naphthyl)-ethylenediamine dihydrochloride. After 10 min incubation in room temperature the absorption was measured at 540 nm and the contents of NO 2 formed were determined according to a calibration curve of standard sodium nitrite solutions. Enzyme activity was evaluated as an amount of NO 2 ions formed per hour (µmol NO 2 g -1 h -1
). Nitrite (NO 2 ) reductase (NiR) activity was determined (Takahashi et al., 2001 ) by mixing protein extract with 50 mM phosphate buffer (pH 7.5), 1 mM sodium nitrite (NaNO 2 ) and 1 mM methyl viologen. Reaction was initiated by adding 57.4 mM sodium dithionite (Na 2 S 2 O 4 ) in 290 mM sodium bicarbonate (NaHCO 3 ) solution. After 5 min incubation at 30°C temperature, 20 µl of reaction mixture was transferred to new vial, containing 480 µl of water and vortexed. Immediately, 500 µl 1% sulfanilamide in 3N HCl and 500 µl 0.02% N-(1-naphthyl)-ethylenediamine dihydrochloride were added. After 10 min absorption was measured at 540 nm. Enzyme activity was expressed as the amount of NO 2 ions formed per hour (µmol NO 2 g -1 h
). Statistical analysis. Values are presented as mean ± standard deviation in fresh weight (FW). For data evaluation the Student's t-test and determination coefficients (simple linear regression) at p < 0.05 were used (Raudonius, 2017) . Softwares MS Excel, version 7.0, and Statistica, version 7.0 were used for data processing.
Results and discussion
Artificial lighting with 638 nm red LEDs, applied for 1-7 days before harvesting can help reduce energy costs for plant cultivation in commercial greenhouses, compared to conventional lighting during the whole cultivation cycle. The effect of applied lighting was dependant on plant species and duration of lighting exposure (Fig.) . A 3-day pre-harvest lighting reduced NO 3 contents in corn salad, amaranth and tatsoi by 2.1, 8.1 and 2.2 times, respectively, as compared to the reference non-illuminated plants.
Strong negative correlation was determined between lighting duration and NO 3 contents in amaranth and tatsoi (R = −0.7962 and R = −0.8021 respectively, p ≤ 0.05). Corn salad adapted to high PPFD red light and illuminating more than 3 days, no further NO 3 reduction was observed (Fig. A) . The decrease in NO 3 contents after 3 days of lighting was followed by the increase in NO 2 contents. NO 2 contents (Fig. D-F The reduction of NO 3 ions occurs in two step processes. NO 3 is first reduced by cytosolic nitrate reductase (NR) to NO 2 , which is then imported into the chloroplast and reduced further by nitrite reductase (NiR) into ammonium (Krapp, 2015) . NR is considered as the key enzyme in this process (Wojciechowska et al., 2016) . The obtained results show that NR and NiR activities are regulated independently. NO 3 , NO 2 , total protein contents and reducing enzyme activity depend on plant species, lighting treatment duration and their interaction (Tables 1 and 2 ). Short-term red LED light treatment enhanced NR activity. The highest enzyme activity was determined after 5-7 days of supplemental red LED light exposure in amaranth and tatsoi. NR activity in amaranth increased 1.79 times after 5 days of lighting, in tatsoi -1.70 times after 7 days of illumination. NiR activity was also determined the highest after 5 days in amaranth and after 7 days in tatsoi; it was increased 1.67 and 2.06 times, respectively, as compared to non-illuminated plants. In corn salad, NR activity changed insignificantly; NiR activity was determined lower, as compared to nonilluminated plants.
The analysis of total protein contents showed that lighting duration had statistically significant effect. The most pronounced effect was determined in corn salad after 5 days and in amaranth after 7 days' illumination with red LED light. Protein contents increased 1.54 and 1.34 times, as compared to the reference. The increase in protein contents did not correlate with NO 3 contents (Table 3) are also affected by pre-harvest red LED light treatment.
Medium correlation between photosynthetic rate and NO 3 contents was determined in tatsoi and corn salad. A negative statistically insignificant correlation between these indicators was established for amaranth (Table 4) . In corn salad, no statistically significant differences in photosynthetic rate were observed. In amaranth, photosynthesis was remarkably higher after 1-3 days of red LED treatment (photosynthetic rate was 3.7 times higher, as compared to non-illuminated plants). Further lighting (5-7 days) resulted in slight decrease in photosynthetic rate, but it was still higher, as compared to the reference. In tatsoi, photosynthetic rate was negatively affected by pre-harvest light treatment. No direct correlation between photosynthetic rate and chlorophyll content was observed, as the changes in chlorophyll content are the result of longer-term exposure, when photosynthetic rate changes immediately under different lighting conditions. In corn salad chlorophyll index decreased with the duration of pre-harvest light exposure. In amaranth, chlorophyll index increased during the first days of treatment, but significantly decreased after 7 days' exposure. In tatsoi, remarkable decrease in chlorophyll index was determined after 7 days' exposure.
The increase in flavonol index in leaves reflects plant adaptation to unfavourable conditions. High PPFD flux of red light can act as a photostressor for plants and evoke the response of antioxidant system (Petrussa et al., 2013) . Strong positive correlation (R = 0.73-0.93) was determined between flavonol index and lighting duration in all green vegetables, which shows active adaptation processes.
Conclusions
1. Short-term pre-harvest red light treatment can be applied as a technological tool to reduce nitrate (NO 3 ) contents in leafy vegetables, cultivated under low natural light conditions.
2. The obtained results show a close interrelation between NO 3 metabolism and photosynthesis parameters under light treatments, but no single trend was determined in all vegetable species. The higher photosynthetic photon flux density (PPFD) lighting, applied on mature plants before harvesting, evoked the adaptation processes and the response of antioxidant system and might act as a photostressor for more sensitive vegetable species.
3. The effect of light on NO 3 reduction is closely linked to overall plant light sensitivity and internal physiological activities. In corn salad (Valerianella locusta L.), the applied lighting had no remarkable effect on photosynthetic rate and enzyme activity, thus the NO 3 reduction was observed only after 3 days of lighting and further increased, as plants adapted to the applied lighting. In amaranth (Amaranthus chlorostachys Willd.) and tatsoi (Brassica rapa var. rosularis L.), nitrate reductase activity was promoted under red LED lighting and remarkable NO 3 reduction was observed.
4. The correlation between the photosynthetic rate and NO 3 contents in all plants confirm the significant interrelation between photosynthesis and NO 3 metabolism; however, the differential response of the vegetables species to the applied lighting was also indicated.
5. Further comprehensive research is necessary to evaluate species and variety specific effects of the red light treatment on nitrate content reduction in different green vegetables.
